Articles you may be interested in Magnetic states and ferromagnetic resonance in geometrically frustrated arrays of multilayer ferromagnetic nanoparticles ordered on triangular lattices
(Presented 6 November 2014; received 22 September 2014; accepted 18 October 2014; published online 13 February 2015) In this paper, we show that indirect spin interaction J between two magnetic impurities located on honeycomb Kane-Mele zigzag/armchair ribbons (KMZR/KMAR) is easily controlled by staggered potential and geometry. We demonstrate that J in periodic-boundary KMZR reaches maximum at the edges, and oscillates between antiferromagnetic and ferromagnetic couplings when tuning the sublattice staggered potential D. The odd-even length effect of J in KMZR and the width dependence of J in KMAR are also presented. These results clearly demonstrate the unique role of topological edge states and finite-size effect in magnetic coupling of quantum spin Hall (QSH) ribbons, and the controllability of the edge magnetism, hence favoring the fabrication of the spintronic devices in two-dimensional buckled honeycomb materials, e.g., silicene and germanene. V C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4907619] Two-dimensional (2D) honeycomb lattice materials have received great attention in recent years. Like the star material graphene, two buckled 2D honeycomb lattices purely made of silicon and germanium atoms, silicene or germanene, were theoretically proposed 1 and has been experimentally synthesized. 2, 3 Silicene and germanene attract lots of interests not only because of their 2D properties, but also proposed quantum spin Hall (QSH) materials, 4 which are 2D topological insulators 5 that is insulating in the bulk, while is conducting at the edge without dissipation. Later, stanene made of stannum atoms was also predicted to be 2D QSH material and shares the same low buckled honeycomb structure. 6 In principle, the low-energy physics of these compounds with spin-orbital coupling could be described by the Kane-Mele (KM) model. 7 Meanwhile, the development of quantum calculations and quantum communications and the minimization of electronic devices have stirred great enthusiasm on the spin control in semiconductors and spintronics. In addition to diluted magnetic semiconductor, magnetic coupling in graphene ribbon has attracted a lot of interest in the past few years. Though it has been shown that the spin coupling J between magnetic impurities in graphene is always ferromagnetic (FM) on the same sublattice and antiferromagnetic (AFM) on different sublattice; 8, 9 the J in metallic and semiconductive armchair graphene ribbons (AGNR) exhibits distinct behavior, 10 and the chemical potential 11 may modulate J in zigzag graphene ribbon. However, weak spin-orbital coupling in graphene invalidates these efforts, since the zero energy states which play important role in metallic AGNR is not topologically protected.
On the other hand, the presence of considerable spinorbital coupling in silicene, germanene, or even stanene consisting of elements heavier than carbon provides us such a possibility of topological protected zero-energy state. The buckled honeycomb structure of silicene and germanene suggests that an applied electrical field can lead an inequivalent potential on A/B sublattices, forming a staggered potential D and easily modifying its electronic states. In this paper, we present the strong dependence of the spin coupling of magnetic impurities on the staggered potential and the geometry of KM zigzag ribbon (KMZR) and KM armchair ribbon (KMAR), which are QSH ribbons with unique edge states strongly localized on the edge, and show that in KMZR with periodic boundary, when D increases, the magnetic coupling exhibits regular FM peaks or steps, depending on the electron filling situation. We also find the length of KMZR and the width of KMAR strongly affects J, especially at ribbon edge.
When two magnetic impurities are put in finite-size KM ribbon which are parallel to the ribbon length, the total Hamiltonian of the system, H, consists of the KM part H KM and the magnetic impurity interacting part H imp , i.e., H ¼ H KM þ H imp As mentioned before, the KM model is suitable for describing the low-energy process in buckled honeycomb compounds silicene, germanene, and stanene, the KM model Hamiltonian 4 is read as
and the magnetic impurity part reads
Here, the creation and annihilation operators of an electron with spin polarization a at site i are denoted by c † ia and c ia , respectively, and the summations over the nearest and next-nearest neighbors are denoted as hi; ji and hhi; jii, respectively. S a and S b represent impurity spins located at a and b sites, respectively.
The first term in Eq. (1) describes the kinetic energy with the nearest-neighbor tight-binding parameter t 1 , and the second one is the effective spin-orbital interaction (SOI) with the strength of k SO , which makes Eq. (1) (2) are of Anderson-Kondo type interactions between the magnetic impurities and band electrons, and the coupling strength between magnetic impurities and band electrons is parameterized to be A. Since the spin rotational symmetry is broken by the spin-orbit term in Eq. (1), thus the impurity spins are chosen to be perpendicular to the ribbon plane in Eq. (2) . Throughout this paper, we set theoretical parameters t 1 ¼ 1, A ¼ t 1 and k SO ¼ 0.2t 1 unless specified. The magnitude of impurity spins is set to be unity for simplicity.
In the following, we numerically study the dependence of spin configurations of two magnetic impurities on various parameters through the exact diagonalization method, and regard the impurity spins as classical with magnitude of S. We let the electron filling of the system be half filling initially, and then change the chemical potential by dn. The electron number varies from N to N -dn. Thus, we obtain the spin coupling strength J between two magnetic impurities from the total energy difference between FM and AFM impurity spin configurations: J ¼ ½EðS We let the KM model on a buckled honeycomb structure, as on silicene and germanene. In such a structure, when an external electric field is applied, the A and B sites in inequivalent sublattices experience electrical potentials of D and ÀD, i.e., a staggered potential. In this section, we present how the magnetic coupling J at the edge of KMZR depends on the staggered potential D. Our calculation is for KMZR whose size is 25 unit cells in length and 7 honeycombs in width, and the distance between two impurities is fixed to be 5 unit cells. Fig. 1 displays the D-dependence of the energy spectra of quasiparticles and spin coupling strengths of magnetic impurities at the edge of the KMZR both for periodic and open boundary. In half-filled periodic KMZR, we find that with the increasing of D, in addition to the AFM coupling, there are triangular FM-type peaks which are almost evenly distributed in the AFM background, as shown in Fig. 1(a) . As a contrast, the spin coupling strength J is small and AFM, and are smooth without any peaks in open KMZR, showing that the boundary condition affects J(D) in an unexpected way. When the electron filling number deviates from half filling, for example, the system loses an electron, the total electron number becomes as N -1, the dependence of the spin coupling J on the staggered potential D is shown in Fig. 1(c) . Marvelously, the FM peaks of J(D) in half-filled case expand as wide steps or plateaus. In this situation, the magnetic coupling can be more easily controlled.
In Fig. 1(b) , we plot the edge-state energy spectra of the same periodic KMZR as a function of D. One can see that the turning points of magnetic coupling J(D) match the energy spectral crossover perfectly, as indicated by the dashed arrows. This could be easily understood from the definition of J in earlier part of this article and the particular D-dependence of energy spectra in periodic KMZR. Fig.  1(b) displays the topological edge state dispersion and its evolution with staggered potential. As long as D < 3 ffiffi ffi 3 p k SO , this unique edge state dispersion of KMZR is gapless and connect valence band to conduction band, which is guaranteed by the topological property of QSH. 5 The presence of D lifts the energy degeneracy, and with the increase of D, a half of the edge states shifts to lower energy, and the another half shifts to higher energy. What is more, these spinpolarized edge-state wavefunctions are only confined to one edge. So, when there are no impurity spins in KMZR, the energy spectra as a function of D behaves like black lines in Fig. 1(b) . After placing two parallel aligned impurity spins on one edge of KMZR, the edge states localized on this edge are spin polarized, while those on the other edge are not affected and remain degenerate. If the two impurity spins antiparallel, the energy spectra are almost the same as no impurity case, as shown in Fig. 3(e) in Ref. 12. In Fig. 1(b) , we have plotted energy spectra in KMZR with FM and AFM configurations. The yellow thick line indicates the highest occupied state in FM configuration. According to the earlier part of this article, the energy subtraction of occupied part of the two energy spectra gives J(D) curve. We can easily see that the energy subtraction of states below the two highest occupied states in AFM and FM configuration contribute a trivial smooth J(D). But the energy subtraction of two highest occupied states gives nontrivial J(D) at regions pointed by dashed arrows because of the change of state occupation, this can be analyzed more clearly from the inset of Fig. 1(a) . The slope of the sides of triangular FM peak is equal to the slope of spectra lines in Fig. 1(b) . The analysis is same for FM/AFM oscillatory steps in dn ¼ 1 case in Fig. 1(c) . The trivial smooth J(D) is a result of noncrossing behavior of energy spectra in open KMZR.
Next we demonstrate that the length of a KMZR and the width of a KMAR will also affect the indirect magnetic coupling J greatly in periodic ribbons.
In a KMZR, we present the dependence of magnetic coupling on the odd-even parity of KMZR length, as shown in Figs. 2(a) and 2(b) . The magnitude of J oscillates with the increase of ribbon length from odd to even. This oscillation is largest when the two magnetic impurities are at the edge, and quickly diminishes when moving to the ribbon center. The oscillation is independent of the distance between impurities. Such an oscillation has the same origin as FM peaks or steps. Since the odd and the even lengths lead to different edge-state band structures, as shown in the red circle in Fig. 2(c) It results in different energy spectra in periodic KMZR, as shown in Fig. 2(d) . What is more, the decay of amplitude of J oscillation is inversely proportional to the length; this arises from the fact that the wavefunction amplitudes of the two highest occupied edge states are inversely proportional to the ribbon length.
In the KMAR case, Fig. 3 shows the k SO and ribbon width dependence of the magnetic coupling of the two impurities located on same sublattice site. We observe several facts: first of all, when k SO ¼ 0, corresponding to the graphene case, J oscillates with width, since there are two types of armchair graphene ribbons depending on their width. J in metallic type armchair is several orders larger in magnitude than that of the semiconductive type. It is proportional to 1/width on specific atom lines, which has already shown by Szałowski; 10 second, for each k SO > 0, the oscillatory amplitude of J decays with increasing ribbon width, and there exists a critical width beyond which J is not affected by width anymore. This suggests that the difference between metallic and semiconductive ribbons gradually disappears; and third, with increasing k SO , the magnitudes of J at the edge and next to the edge become much larger than those J at interior atom lines of KMAR, as seen in Fig. 3 . We also present the results for two impurities located on different sublattice sites in Fig. 4 . One can see that in k SO ¼ 0 case, the width dependence of J in Fig. 3 is different from that in Fig. 4 . With increasing k SO , the difference of J between different sublattice sites gradually becomes small; and when k SO > 0.08t1, the difference completely disappears, as seen in Figs. 3 and 4 .
These behaviors could be understood as follows: the gap and gapless difference of pure armchair graphene with different width is a geometrical effect, and it causes rather different J behaviors. 10 While in QSH KMAR, the topological edge states are gapless regardless of ribbon width. As Ezawa and Nagaosa 13 pointed out, however, the wavefunction of edge states in KMAR decays exponentially from the edge into the ribbon, and there is a characteristic penetration length which is approximately inversely proportional to k SO . Thus, the overlap of edge states is a crucial factor affected by k SO and KMAR width: the less the edge states overlap, the smaller gap the KMAR has, and the more edge states will contribute to the J. When the ribbon width is larger than a critical value, the overlap of edge state wavefunction becomes negligible. What is more, as k SO increases, edge states become more confined to the edge, leading to much greater J at edge than those in the interior of KMAR.
In summary, we have demonstrated that staggered potential D could easily modulate the magnetic coupling J of two on-site magnetic impurities placed parallel to the KMZR edge, leading to two kinds of novel oscillating behaviors for periodic-and open-boundary KMZR: one is oscillating sharp FM peaks-AFM steps or FM-AFM steps, depending on the electron filling number is even or odd for periodic-boundary KMZR, another is a
